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Abstract
Geophysical data modelling often yields non-unique results and hence the interpretation of
the resulting models in terms of underlying geological units and structures is not a
straightforward problem. However, if multiple datasets are available for a region of study, an
integrated interpretation of models for each of the geophysical data may results to a more
realistic geological description. This study not only demonstrates the strength of resistivity
analysis for geothermal fields but also the gains from interpreting resistivity data together
with other geophysical data such as gravity and seismic data. Various geothermal fields have
been examined in this study which includes Silali and Menengai geothermal fields in Kenya
and Coso geothermal field in California, USA.
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SECTION 1
Resistivity Investigation of the Geothermal Potential at the Silali Volcano,
Northern Kenya Rift, Using Electromagnetic Data.
(Paper submitted to Journal)

WAMALWA, Antony M.1,2, and SERPA, Laura F.1
1. Department of Geological Sciences, University of Texas at El Paso, 500 W. University, El
Paso, TX 79968,
2. Geothermal Development Company, P.O. Box 100746, 00101, Nairobi, Kenya

1.1 Abstract
The Silali volcano is one among a number of volcanoes found along the axis of the Kenya rift
system that has experienced immense volcanism and faulting. We investigate the resistivity
distributions within the Silali volcano region in order to define the magmatic, geothermal,
and structural features of this active volcano. The data reveal a NE trending fault west of the
volcano in the Kapedo region, a magma chamber beneath the caldera, and a potential fluid
circulation zone within the caldera region. The depth to the magma chamber is estimated to
be about 6 km from the surface. A low resistivity zone (less than 20 ohm.m) at shallow
depths (1-2 km) is interpreted to be a low temperature clay (smectite) alteration zone
resulting from fluid circulation as heat is transferred to shallower depth. The resistivity
increases abruptly beneath the inferred alteration zone and we postulate that resistivity
change is due to a change in clay mineralization to a chlorite-dominated system. This change
is temperature dependent and occurs at approximately 2400C.

The inferred temperature

boundary is consistent with an active volcanic system with an approximately 8000C magma
body at a depth of 6 km.
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1.2 Introduction
An increase in resistivity with temperature has been observed in most high temperature
geothermal systems (e.g Anarson et al., 2010; Lichoro 2009; Ooskoi et al 2005; Cumming
and Mackie, 2010, Flovenz et al., 2005) and it is often interpreted as a change in clay
mineralization from smectite to chlorite due to increasing temperatures with depth.

The

reduced resistivity in the smectite dominated region is attributed to the electrical double layer
of the smectite molecule where surface conduction results from free mobile ions. This
process is suppressed by the strong bonding in the chloride molecule and hence restricted ion
mobility and high resistivity characterize the chlorite rich zone (Flovenz et al., 2005;
Cumming et al., 2000; Wright et al., 1985).
In many geothermal sites around the world; i.e. Krafla in Iceland, Olkaria in Kenya, and Coso
in the United States; smectite and zeolite minerals form between 700C and 2200C while
chlorite and illite minerals form at temperatures above 2400C(e.g. Newman et al., 2008;
Cumming and Mackie, 2010; Arnason et al., 2010; Perelin et al., 1996). Hence, resistivity
methods can be used to map this transition because the smectite-zeolite region has low
resistivity and the chlorite-illite region has high resistivity boundaries A map of this
subsurface temperature boundary (Flovenz et al., 2005; Lichoro, 2009; Newman et al., 2008;
Onacha, 2006; Oskooi et al., 2005) could provide a basis for discriminating between other
material or structures such as fracture zones or magma that have a resistivity that differs from
the clays within a given temperature region.

2

Figure 1: Map showing the Kenya rift and the volcanic centres and lakes. Silali (Shaded box)
is the volcanic centre in focus for this study.

In this study we examine the Silali volcano located in the northern part of the Kenya rift
system (Figure 1). Magnetotelluric (MT) data are used to image the resistivity structure
around the Silali volcano and the associated geothermal prospect. A shallow low resistivity
zone is imaged and correlated with the region of intense fracturing around the Silali caldera
3

where we infer there is high porosity and enhanced fluid circulation. This low resistivity
region is an indication of the temperature dependent change in clay mineralogy due to
hydrothermal circulation. We also identified zones of high permeability that may comprise
the plumbing for the geothermal system. At volcanoes where there has been recent eruption
activity, like Silali, magma remnants at depth also can be imaged using resistivity analysis.
Hence we imaged apparent magmatic material that remained in the subsurface beneath the
volcano as part of this study.

1.3 Previous studies
The East African Rift System (EARS) in Kenya (Figure 1) was initiated in the Miocene and
continues to be active today. As part of the rifting, the region experienced crustal thinning,
up-warping of the asthenosphere, and volcanism (Simiyu and Keller, 1997, 2001; Smith
1994; Smith, 1994; Keller et al., 1994; Hay and Wendlandt, 1995). The northern section of
the Kenya rift has experienced more crustal thinning and less uplift than the central rift region
(Simiyu and Keller 1997; Mariita and Keller 2007). Several young volcanoes, including
Suswa, Longonot, Olkaria, Eburru, Menengai, Silali, and Barrier (Figure 1), are located along
the rift valley floor and these volcanic centres are the target of geothermal exploration in
Kenya (Simiyu, 2010; Omenda et al., 2000).
The Kenya rift has been extensively studied as the basis for understanding the processes of
continental plate breakup (e.g. Keller et al., 1994; Simiyu and Keller, 1997; Simiyu and
Keller, 2001; Khan et al., 1999; Prodehl et al., 1997; Swain 1976; Mariita and Keller, 2007).
However, detailed studies that focus on the various volcanic centres along the rift are limited.
Studies (Simiyu 1991; Omenda, 1997; Onacha, 2006) of the Olkaria and Eburu volcanic
complexes, and the Menengai, and Longonot volcanoes have resulted in the development of a
geothermal plant at the Olkaria volcanic field to generate electricity. Due to the rugged
4

terrain that limits accessibility, the Silali volcano had not been studied.

However, the

growing need for geothermal energy development in Kenya has given incentive to the first
detailed geophysical data collection around the caldera region which we present in this paper.
Previous studies (Fairhead, 1976; Swain, 1976; Swain et al., 1994; Simiyu and Keller, 1997;
Marrita and Keller, 2007) have indicated that the location of the volcanic centres along the
rift, including the Silali volcano, coincides with a 50 km wide gravity maxima with an
amplitude about 20 mGals which is typical for most geothermal fields around the world
(Monstero et al., 2005). This high gravity anomaly was interpreted as the result of a shallow
magma chamber and dykes along the rift axis. The gravity data distribution however is sparse
(about 5km spacing) and hence could not adequately image detailed structures around the
volcano.
The on-going exploration for geothermal resources along the Kenya Rift provides subsurface
information through both geophysical data interpretation and the subsequent drilling to
produce geothermal energy. The interpretation of the geophysical data often is tested only a
short time after it is gathered because of the rapid development of geothermal prospects in
Kenya at this time. Thus, we anticipate this interpretation of the geophysical data from Silali
volcano presented here will be tested by drilling within the next 2-10 years.

1.2.1 The Silali volcano
The Silali volcano (Figures 1 and 2) is the largest of the Quaternary shield volcanoes,
measuring 30km by 25km, in the northern section of the Kenya Rift (Dinkley et al., 1993;
Smith et al., 1995). This volcano stands 800 m above the rift floor and was formed by
alternating episodes of faulting, subsidence and infilling associated with pyroclastic
deposition and basaltic volcanism that created a 7.5km by 5km caldera at its summit. These
processes were accompanied by fracturing and decompression of a magma chamber and
5

regional extension and injection of dykes beneath the volcano (Smith et al., 1995; Williams et
al., 1984).

Figure 2: A simplified geological map of the Silali region. The Silali caldera is defined by the
shield trachyte. The dashed lines are the boundaries of intensely faulted region. Modified
from William et al, (1984).
The geology of the Silali region can be divided into groups based on the times of
emplacement as: the post caldera group, the pre-caldera group, the western flank group, and
the caldera wall group. The post caldera group consists of the intra-caldera and extra-caldera
sub-groups that are mainly basalts and trachytes. The Katenmening lava and the Kapedo
tuffs are distinctive markers for the pre-caldera group and the caldera wall group, respectively
(Smith et al, 1995; Williams et al., 1984). The western flank of the caldera is covered by the
Arzett tuff and the Summit and Discoid trachytes (Macdonald et al., 1995). Fault surfaces
have exposed the different sequences. For example, east of the volcano, basalts overlie or are
6

faulted against west-dipping Miocene trachytes and basalts, while on the west, basalts are
exposed near Kapedo and overlie trachytes and pyroclastic deposits (Smith et al., 1995). The
numerous faults around the Silali volcano have a generalized north to northeast trend, with a
zone of intense faulting, approximately 10 km wide, which defines a series of en echelon
grabens (Figures 2 and 3). The eastern part of the caldera is more fractured than the western
part, and fissures within the intensely faulted region may have favoured the flow of material,
like lava, to the surface (Smith et al., 1995).

Figure 3: Tectonics of the Silali region with thin lines signifying the numerous faults while
the bold dark lines are fissures. Modified from Smith et al., (1995).
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1.3 Magnetotelluric (MT) and Transient Electromagnetic (TEM) field survey
The MT and the TEM methods are electromagnetic techniques used to determine subsurface
resistivity distribution where rocks have been fractured, sheared, weathered, hydrothermally
altered, or have fluids. For the MT method, naturally-occurring, time-varying electric (Ex
and Ey) and magnetic (Hx, Hy, and Hz) fields are recorded at the surface of the earth
(Vozoff, 1991; Nabighian, 1991). The MT method has an advantage over other
electromagnetic techniques because it allows investigation from a few tens of meters to
several hundred kilometres depth.
The TEM method requires an energy source and a steady current sent through an insulated
wire loop that has been laid on the surface of the earth (Nabighian and Macnae, 1991). The
earth is energized when the current at the transmitter is abruptly switched off. As a result,
currents are induced in the ground according to Faraday’s law. These currents spread within
the Earth and decay with time thus creating a secondary vertical decaying magnetic field that
generates a voltage change. A detector at the centre of the loop records the voltage which is
converted to apparent resistivity for interpretation (Meju, 1996).
Several stations were deployed simultaneously to allow for cross remote-referencing for the
computation of MT impedances. The electric and magnetic fields were converted to
frequency domain and the 2 x 2 impedance tensors, Z, were estimated using the remotereferencing method proposed by Chave and Thompson, (1989). The electric field of high and
low frequency electromagnetic waves correspond to shallow and deep penetration of the
earth, respectively.

8

1.3.1 Data acquisition and processing
The MT and TEM data used in this study were collected during the months of March to
August, 2010. Two hundred and fifteen MT and one hundred TEM stations were acquired in
Silali by the Geothermal Development Company (GDC). The MT data were collected using
Phoenix MTU-5A equipment in a period range of 0.001-1000 sec. Telluric lines were 100 m
long, except where they were restricted by rugged terrain. A station grid with 1km spacing
was used within the caldera and the grid spacing was increased to 2-3km outside the caldera.
The magnetic coils and the potential electrodes were oriented in orthogonal east and north
directions. Eight to ten stations were deployed simultaneously which is useful for remote and
cross referencing. Each MT sounding was pre-processed for cross-power estimates that were
then analysed to estimate the impedance, resistivity and phase (Chave et al., 1989; Rodi and
Mackie, 2001). The TEM data were collected using a Zonge GDP 32 transmitter and receiver.
The data collection in the Silali region was done with the following objectives:
(1) Image the magmatic material that remained in the shallow crust of Silali after
some was emptied in the formation of the caldera.
(2) Map zones of high fracture permeability that form the plumbing system of thermal
fluids in the region by identifying hydrothermal alteration zones.
(3) Define a possible geothermal reservoir from imaged alteration zones and also infer
temperature distributions from resistivity anomalies.
(4) Delineate lithology, thickness of volcanic flows and depth to the Precambrian
basement.

9

1.3.2 MT distortion analysis
Magnetotelluric soundings are often distorted by small-scale heterogeneities at the recording
site. The effect is noticeable from the shift of the apparent resistivity at all frequencies and
can be corrected by using the complimentary TEM data (Meju, 1996). The TEM method does
not use electrodes that are in contact with the ground and hence the data are not affected by
these shifts (Pellerin and Hohmann, 1990; Cumming and Mackie, 2010).

Figure 4: A plot of TEM and MT data at station 79 rotated to principal axes. The first plot is
the MT plot before static shift correction and the second plot that includes the TEM plot is
corrected for shift of MT apparent resistivity. Resistivity XY (red) is in the north-south
direction while YX (blue) is the east-west orientation.

These preliminary models could then be used to build 2D and 3D models of the subsurface.
The XY and the YX apparent resistivity and phase correspond to the north-south and eastwest directions. These plots appear to coincide at short periods but diverge at long periods
which indicate the lateral change in resistivity at long periods. The onset of this separation
indicated a change in geology or presence of geological structures with depth. The short
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period indicate that the geology is more 1D in nature while longer periods where the plots
split imply 2D or 3D geology (Volpi et al., 2003, Onacha, 2006; Oskooi et al 2005).

1.4 Data interpretation
Initial data analyses were conducted in order to gain information on the general resistivity
distribution of the study region. First, skew and polar diagrams were analysed where most of
the data showed 1D characteristic at short periods and 2D and or 3D geology at medium or
long periods. One-dimensional Occam (minimum structure) inversions were conducted for
each MT sounding after static shifts were corrected (Figure 5). This technique is simple but
provides useful information before completing more detailed analyses on the data such as a
2D or 3D inversion. In some cases, the results of 1D inversion show a good correlation to the
3D inversion and in particular for short periods (e.g. Arnason et al., 2010; Cumming et al.,
2000).

The 1D models show that highly resistivity rocks overlie less resistive rocks near the surface
of the earth for most soundings (Figure 5). The shallow low resistivity zone beneath the first
layer is underlain by a more resistive block and resistivity then gradually decreases with
depth. The 1D models were used to generate resistivity maps to analyse the lateral resistivity
distribution (Figure 6). The results (both the profile and maps) indicate that resistivity in the
region varies both laterally and with depth.

11

Figure 5; One-dimensional Occam (unshaded with bold lines) and layered (shaded) resistivity
inversion models of MT data at station silmt172.

Figure 6: Resistivity distribution map at 5000m (bottom) and 2000 (top) below sea level
(mbsl) derived from 1D model of MT data. The thin lines are faults, bold thick short line are
fissures. A fault going thru Kapedo is shown by the dark line with the Suguta River (dashed
line) parallel to it. Points labelled B,B’, and AA’ are the ends of 2D profiles.
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The resistivity at 2000 m below sea level reveals a northeast trending resistivity boundary and
at 5000 m below sea level (Figure 7) the boundary is more evident west of the caldera at
Katenmening, and southeast of Kapedo signifying a geologic boundary exists along this path
with a high resistivity region on the east side and low resistivity region on the west side of the
boundary. The high resistivity region starts at the western edge of the caldera and extends
eastward past the Black Hills. The high resistivity infer to be pre-Miocene and Miocene
volcanic flows that overly Precambrian basement rocks composed primarily of gneisses,
schist and migmatite (Smith, 1994). Hautot et al., (2000) modelled magnetotelluric data
collected over the Baringo region just 40 km south of Silali and imaged a deeper low
resistivity layer embedded in a high resistivity region which they interpreted to be a layer of
sediments that separates the underlying Precambrian rock and the overlying basaltic lava. Our
data did not show this layer of conductive sediments that underlay the volcanic flows. The
conductivity at depth imaged in this study mainly due to intense faulting and fracturing
allowing fluid circulation, mineralization, or temperature or a combination of more than one
of these factors.
In contrast, the western side of our study area that includes the Kapedo region is
characterized by low resistivity and few mapped faults. However, few major faults with a
northeast strike runs through the Kapedo region but young pyroclastic deposits, tuffs and
alluvium in the region might have covered other small faults. The extent of this low
resistivity region westwards is not well constrained because there is no data farther to the
west past the Kapedo region. We interpret this low resistivity zone as fault(s). The resistivity
boundary that runs through the Kapedo region correlates well with a mapped faults running
through Kapedo and a channel of the Suguta River. It is likely that the flow of the Suguta
River is controlled by these fault(s) as inferred by our data in the Kapedo region.
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1.4.1 2D modeling of MT data
We also modelled the MT data with a 2D regularized inversion algorithm (Rodi and Mackie,
2001) that jointly minimizes data misfit and deviations of the final model from the initial
model. Data were rotated so that one axis was perpendicular and the other parallel to the geoelectric strike. In this way, the data are polarized into two modes, the TE mode where the
electric field is parallel to the geo-electric strike and the TM mode where the electric field is
perpendicular to the geo-electric strike. This process helps to enhance anomalies and
minimize errors.
Our results, presented here, are from 2D inversions of joint TE and TM modes data. In all of
our inversions, the RMS errors were 5% or less after 60 iterations which was considered
reasonable. There was a relatively good match between the observed and the calculated TM
and TE data (Figure 7) although in some cases the fit was hampered by noisy data. In order to
check the convergence of our models, three different arbitrary resistivity half space models
were used as the initial model. The final result showed insignificant variation in the resistivity
structure therefore we concluded that the results were independent of the selected initial
model.

14

Figure 7: Plots of the calculated and original TE and TM data after 2D inversion were run.
Most of the stations showed a good fit. Some of the models gave better fits than others
depending on the quality of data and complexity of geology and geologic structures.

Our results (Figure 8 and 9) show that resistivity varies both laterally and with depth in the
Silali region that can be attributed to temperature change, lithology change, presence of
fluids, fluid phase change (liquid to vapour), and mineralogy. Very shallow (top 500 m) high
resistivity (i.e the Summit region) interpreted as dry, unsaturated sediments and pyroclastic
flows or unfractured basalts. Deeper (below -1000m) high resistivity (> 100 ohm-m) is
inferred to be mainly due to unaltered volcanic flows such as the basalt and trachyte layer that
dominate this region or the Precambrian basement rock. The shallow (above -2000m) low
resistivity (< 20 ohm-m) zone that spreads laterally and covering almost the entire study area
is perceived to be a product of thermal alteration to clays with low permeability, and water
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saturated sediments and fracture systems that may imply high porosity and permeability,
while the deeper low resistivity (LRZ2) is inferred to be the magma volume (Figure 8 and 9).

Figure 8: Two-dimensional resistivity inversion model of both TM and TE on a line that
connects point B to the west and point B’ to the east. The profile cuts through the Silali
caldera, the Summit and the Kapedo areas. The inverted triangles are the MT data stations.
HRZ = High Resistivity Zone, LRZ = Low Resistivity Zone and IRZ = Intermediate
Resistivity Zone. The Solid lines are the caldera wall faults while the dashed line is an
inferred fault.

The 2D resistivity models reveal four major regions: 1) a shallow low resistivity zone
(LRZ1) with resistivity less than 20 ohm-m, 2) a high resistivity zone (HRZ) with resistivity
greater than 100 ohm-m, 3) a deep low resistivity zone (LRZ2) with resistivity less than 12
ohm-m, and 4) an intermediate resistivity zone (IRZ) of resistivity ranging from 12 to 70
ohm-m appears to connect the LRZ1 and the LRZ2.
The shallow low resistivity zone, LRZ1, is suggested here to be a low temperature (~700C)
hydrothermally altered zone or clays. This shallow low resistivity zone extends covers almost
the entire of the caldera floor and also extends eastwards from the caldera covering the
16

mapped zone of intense faulting and fracturing. The high fracturing allowed thermal fluids
circulation transferring heat from deep to shallow depth and later rocks forming low
temperature clay and minerals such as smectite and the zeolite which favour the flow of
electrical currents and hence reduce the bulk resistivity of rocks in this region. The region of
intermediate resistivity (IRZ) that underlies LRZ1 is inferred to be of higher temperature as
compares to LRZ1 as temperature increase with depth. We postulate that this increase in
resistivity is related to increase in temperature and also mineralogy. We suggest that the high
temperature hydrothermal which form at temperature above 2400C such as chlorite and illite
to be present in the IRZ zone. These minerals are good resistors to the flow of electrical
current as compared to the smectite and zeolite minerals and hence the increase in resistivity.
At this high temperatures most of the water is in gaseous state which could also contribute the
high resistivity we envisage this zone (IRZ) to the hydrothermal reservoir that could be
drilled for steam.
The deeper low resistivity region, LRZ2, beneath the caldera (Figure 8 and 9) is inferred to be
magmatic material or intrusion at a depth of about 5000m below sea level (bsl). This
interpretation is consistent with the interpretation of similar anomalies found in Krafla,
Iceland and Olkaria Kenya where deep, low resistivity regions have been confirmed to be
molten rocks (Onacha 2006; Lochoro, 2009; Simiyu and Keller 2000). Since the resistivity
variations in this here is believed to be related to temperature variation, we anticipate that the
low resistivity zone (LRZ1) to be within a temperature range of 700C - 2200C, while the
underlying IRZ to have temperature range of 2400C to 3500C at about 3000-4000 m below
sea level where an estimated depth to the brittle-ductile transition zone and a temperature
about 8000C at the LRZ2 (magma body) (e.g. Oskooi et at., 2005; Flovenz et al., 2005).
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The high resistivity zone (HRZ) is interpreted as unaltered basalts and Precambrian basement
rocks. This high resistivity could be attributed to low porosity and permeability. The low
resistivity zone (LRZ3) is inferred to be a fault and a shallow aquifer around the Kapedo
region. Hot springs seeps are found around the Kapedo region and also water wells drilled in
Kapedo confirms the presence of a shallow aquifer or fractured zone with water flow.
However the constraint in this region is not good due to insufficient data.

Figure 9: Two-dimensional resistivity inversion model of both TM and TE on a line that joins
point A to the southwest and point A’ to the northeast. The profile cuts through the Silali
caldera. The inverted triangles are the MT data stations. HRZ = High Resistivity Zone, LRZ
= Low Resistivity Zone and IRZ = Intermediate Resistivity Zone. The solid lines are known
faults while the dashed line is an inferred fault from our data.

In high temperature geothermal field, fluid circulations within fractures transfer heat to
shallow depth and later the rocks which they interact. Well log information (e.g. lithology
and temperature) and surface resistivity measurement have shown a good correlation that
have aided in the interpretation of resistivity signature up to drillable depths where
18

temperature and resistivity have been observed to increase with depth to the geothermal
reservoir (Newman et al., 2008; Anarson et al, 2010). With proofs from the numerous
resistivity studies, it is believed that the increase in resistivity with depth to the base of the
reservoir in high temperature geothermal fields is controlled by a change mineralogy and
temperature where low temperature electrical conductive minerals like smectite and zeolite at
shallow depth while high temperature electrically resistive mineral like chlorite and illite at
greater depths in the reservoir region (Pellerin et al., 1996; Anarson et al., 2000; Flovens et
al., 2005; Oskooi et al., 2005; Newman et el 2008). These minerals have strong electronic
bonding and hence suppress electrical current in regions where they are found (Flovenz et al.,
2005; Cumming et al., 2000 Wright et al., 1985). The lower low resistivity in geothermal is
often interpreted to be magma material an interpretation that has been supported by microearthquake studies where events do not occur in this region due to the ductile property of the
rocks (e.g. Onacha, 2006).
Regional gravity studies covering the Silali area by Swain, (1994) and later Mariita and
Keller, (2007) indicated the presence of a high density body at the Silali volcano which they
interpreted as a magmatic intrusion whose depth resolution was poor due to data sparseness
and in this study we have imaged the depth of the magma chamber to be about 6 km deep. On
the other hand, Hautot et al (2000) imaged a deeper conductive body (between 4 to 8 km
depth) which they interpreted to be a layer of sediments between the basement rocks and the
overlying volcanic piles in the Baringo region just south of Silali that previous studies could
not identify. In fact, our data, even at 10km below sea level could neither show such a layer
nor indicate the boundary between the Precambrian rocks and the overlying volcanic pile. In
addition, investigations such as that of the Kenya Rift International Seismic Project (KRISP)
experiment (e.g. Keller et al., 1994) have indicated that the depth to the Precambrian
decreases from the central region (depth of about 5 km) northwards with the depth of the
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basement around Baringo about 3 km. Hence the depth to the Precambrian basement in the
Silali region which is about 50km north of Baringo is expected to be about 3 km or even less
but could be identified from out data.

Figure 10: This is a generalized resistivity interpretation of the Silali region of an east-west
slice through the caldera. The contact between the Precambrian basement and the overlying
basalt is not known. The dark thick black wavy lines with arrows indicate heat transfer in this
system.

1.5 Conclusions
This study has identified resistivity anomalies that are interpreted to be from permeable
fracture zones, hydrothermally altered zones, and a magmatic body in the shallow crust of the
Silali region. Volcanic flows cover much of the study region and are resistive to electrical
currents unless altered by fluids or fractures. The boundary between the volcaniclastics and
the Precambrian basement could not be identified in these data. A northeast-striking fault is
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imaged in our data and correlates with the Suguta River channel west of the caldera which
runs through Kapedo. A magmatic body is inferred to be located about 6 km below the
surface of the volcano. We infer the magma body was shallow before the caldera formed and
much of the shallow magma was emptied during and after the caldera formation. The
volcanic process enhanced fracturing and formed conduits for fluid movement.
The shallow boundary between an upper, low resistive layer (LRZ1) and the underlying
intermediate resistivity zone (IRZ) at depths of less than 2000 m appears to mark the change
in clay mineralogy from an upper layer of smectite alteration to a lower chlorite dominated
region. The boundary between these two zones indicates the region where the temperature
has reached approximately 2400C at some time during the history of the volcano. We can use
this boundary to speculate on the events associated with the caldera formation and subsequent
history of the volcano.
In particular, if this temperature boundary were the product of uniform conductive heating
from a deep heat source, it might be expected that the 2400C temperature isotherm was
relatively flat when the alteration occurred. Alternatively, if the heat source were shallow
then the 2400C isotherm should roughly mimic the shape of the heat source in the subsurface
at the time of the clay alteration. In addition, if the boundary were formed prior to the caldera
eruption, we might expect it to now dip toward the region of caldera collapse because it
would have collapsed as the magma escaped. However, the inferred 2400C isotherm dips
away from the caldera in our data. We suggest this indicates the isotherm is young and its
shape is related to the modern day fluid migration from a relatively shallow heat source
because it approximately mimics the shape of the inferred magmatic intrusion at a depth of
6000 m.
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The likely mechanism for heat transfer at Silali is fluid migration based on the distribution of
the shallow low resistivity zone. We suggest that a hydrothermal reservoir lies below the
shallow conductors (LRZ1). Hot springs and fumaroles found in this region are surface
indicators of a significant hydrothermal resource. We consider the above interpretation
reasonable although speculative. We recommend additional studies and drilling to support
our arguments. However, if this model is supported by drilling, then it will provide an
additional tool for identifying likely sites for geothermal development based on a model of
the subsurface temperature distribution and fluid migration.
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2.1 Abstract
In this paper we derive and interpret 3-D density models from gravity data and 2-D resistivity
models from MT data collected in the vicinity of the Coso geothermal field. Our data show
zones of both low resistivity and low density at about 6 km depth in the Devils Kitchen and
the Coso Hot Springs areas. We interpret these zones to indicate the presence of cooling
magmatic material that provides the heat for the geothermal system in these regions. A zone
marked by high resistivity and low density is indicated to lie directly above the interpreted
magma body extending to within 1 km depth below the surface in the reservoir region where
it is capped by a low resistivity clay zone. In addition, density models show the high density
bodies correlate with volcanic peaks or mountains which may imply a region of dense mafic
intrusions or dikes.
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2.2 Introduction
The Coso Geothermal field in southeastern California has been the topic of numerous
geophysical investigations (e.g., Duffield et al 1980; Feng and Lees, 1980; Feng and Lees,
1998; Wu and Lees, 1999; Adams et al., 2000; Lees and Wu, 2000; Vlahivic et al., 2002;
Wannamaker et al., 2004; Hauksson and Unruh, 2007; Newman et al., 2008; Unruh et al.,
2008) conducted to determine the depth to and the nature of the heat source, and to image the
plumbing system for geothermal fluids. Recently studies have suggested that the Coso
geothermal field could be overlying an emerging metamorphic core complex (Monastero et
al., 2005; Unruh et al., 2008).

Despite some well-designed experiments that have been

conducted in this region, the depth to the heat source (magmatic material) has remained
controversial. Gravity and seismic studies by Plouff and Isherwood (1980), Lees (2002),
Wilson et al. (2003), and Yang et al. (2011), showed that partially molten rocks may occur at
5 km depth beneath the geothermal reservoir while seismic studies by Hauksson and Unruh
(2007) and Unruh et al. (2008) show the magma chamber may occur at depths greater than
10km. The three dimensional magnetotelluric (MT) analyses by Newman et al. (2008)
mapped the extent of the geothermal reservoir and fractures but could not image a magma
chamber because the model used frequencies that focused on the upper 4 to 5 km in the
reservoir region. The above studies show that interpretations geophysical data are nonunique. In this paper, we review the existing geophysical data and reinterpret the gravity data
using 3D inversion methods and the MT data using all available frequencies to determine
whether we can reduce the uncertainties in the interpretation based on new knowledge we
have gained by studying geothermal systems in Kenya with similar techniques and access to
drilling results.
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In our studies of the Kenya geothermal systems we used gravity, seismic, and magnetotelluric
data from active volcanoes to image magma in the subsurface, map fractures and constrain
the lithology (Wamalwa et al in review). The integration of the geophysical data sets and an
ongoing drilling program based on these studies gives us additional information on where our
interpretations have been particularly accurate in the shallow subsurface and where we need
to revise our interpretations. Based on this experience, we are re-examining gravity and MT
(Wannamaker et al., 2004, 2005; Newman et al., 2008) data collected within the Coso
geothermal field to resolve some of the differences in the various interpretations by
conducting an integrated study of the gravity, magnetotelluric and seismic data similar to that
done for the Kenya geothermal fields (e.g. Wamalwa et al., in review).

2.3 Coso Geothermal Field
The Coso geothermal field lies in a Pliocene-Pleistocene volcanic field located in southeastern California (Figure 1) east of the Sierra Nevada Range in the Basin and Range
province (Roquemore, 1980) of the western United States. The volcanic field is the source of
one of the largest geothermal fields generating electricity in the Basin and Range region
(Wilson et al 2003). It covers an area of approximately 400 km2 and is located in a releasing
bend of a dextral strike-slip fault system (Figure 1) along the eastern margin of the Sierra
Nevada Range (Adams et al., 2000). The stresses that control the faulting within the Coso
Geothermal region are related to its location in the transition zone between the Basin and
Range to the east and the San Andreas Fault transform plate boundary to the west
(Roquemore, 1980). Faults and fractures caused by interactions between these tectonic
boundaries host and allow fluid flow, particularly in the upper 3-4 km of the crust as marked
by the level of seismicity (Wu and Lees, 1999). The faults and fractures have been targeted
for high yield hydrothermal production wells at Coso (Adams et al., 2000; Sheridan et al.,
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2003; Newman, et al., 2008) similar to geothermal systems around the world like the
Iceland, Kenya and USA (e.g. Simiyu and Keller, 2000; Malin et al., 2005; Onacha, 2006).
The rocks in and surrounding the Coso geothermal field are comprised of a highly fractured
basement complex of the Coso Range consisting of Mesozoic plutonic and metamorphic
rocks that have been intruded by mafic and felsic dikes.
Pleistocene volcanic rocks that range from basalts to dacite to rhyolite cover the regions from
Volcano Butte, through Silver Spring, and the Coso Peak (Figure 1). Quaternary sedimentary
rocks (the Coso formation) that comprises of alluvium, sandy arkosic beds, fine grained
tuffacious and lacustrine materials (Duffield et al., 1980) cover the west region in the Rose
Valley area and the southeast region in the Coso Basin area. Additionally, rhyolitic domes
were formed along faults marked with fumarole emissions seeping through the faults
(Duffield et al., 1980; Manley and Bacon, 2000; McQuarie and Oskin, 2010). Bimodal
basaltic-rhyolitic volcanism coincided with extensional tectonics that began around 3 to 4 Ma
that occurs has interbedded material (tuffs, rhyolitic and basaltic flows) (Duffield et al.,
1980). The geothermal system could be underlain by a magma chamber that is proposed to
have been in existence for at least 1 Ma during which time it has risen from a depth of 10 km
to a depth of 5 km and has become hotter by at least 300C (Manley and Bacon, 2000).
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Figure 4: Location and geology of the Coso Range in southeastern California modified from
Duffield et al (1980). Shown are the faults (black solid (mapped) and dashed (inferred)
lines).The blue dashed ellipse is the geothermal region, S. Mt the Sugarloaf Mountains, VP is
Volcanic Peak, AL is Airport Lake, LLFZ is Little Lake Fault Zone, DK is Devils Kitchen,
CHS is Coso Hot Springs, VB is Volcanic Butte, CP is Coso Peak, SP is Silver Peak, UCF is
Upper Cactus Flat, LCF is Lower Cactus Flat, WHMF the Wild Horse Mesa Faults. The
rectangle marked by bold red dashed line, is the area covered by gravity data: Figure 2 and 5.
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The Coso Range region is cut by a set of faults which probably have been active since the
early Cenozoic (Figure 1). These can be grouped into two sets of major normal faults that
strike west-northwest, and strike north-northeast, and minor faults that strike from eastnortheast to east-southeast that mostly intersect the major faults at acute angles. The minor
faults are probably related to local doming or uplift (Duffield and Bacon, 1979; Duffield et
al., 1980). Young fault scarps observed in the Quaternary alluvium and Pleistocene sediments
show that this region is still active (Bacon et al., 1980; Duffield et al 1980). In regions around
Coso Hot Springs and the Devils Kitchen (the geothermal area) fumaroles, hot water and
hydrothermally altered grounds are located along faults (Bacon et al., 1980).

2.4 Previous geophysical studies
2.4.1 Seismic
The region in and surrounding the Coso Geothermal field is characterized by a high level of
local seismicity (swarms) with event magnitudes less than three and occur in the upper 5 km
of the crust in the geothermal reservoir areas, such as the Devils Kitchen, Nicol Prospect and
Coso Hot springs, and few deeper events (up to 12 km) in the surrounding regions (Feng and
Lees, 1998; Lee and Wu, 2000; Lees, 2000; Vlahovic et al., 2002; Lees, 2002 Julian et al.,
2009). Micro-earthquake event locations are used to determine which faults are active and
the location of the base of the brittle/ductile transition above the heat source. Shear wave
polarization data shows there is preferential fracture orientation ranging between N10W to
N20E (Walter and Weaver, 1980; Vlahovic et al., 2002; Wilson et al., 2003). A low P-wave
velocity zone has been observed in the Coso Geothermal Field, however, the velocity delays
here are small (~0.2 sec) compared to other geothermal systems (Steeples and Iyer, 1976).
Around the geothermal reservoir, e.g. in the Devils Kitchen area, low P-wave velocities have
been identified between depths of 5 to 20 km (Reasenberg et al., 1980; Young and Ward,
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1980; Haukson and Unruh, 2007). Seismic wave attenuation of teleseismic data was observed
by Young and Ward (1980) in the shallow crust below 5 km around the geothermal reservoir
which they implied represented the presence of a magma chamber. A seismogenic boundary
is inferred to be at a depth of about 5 km because most micro-earthquake events are
concentrated above this depth in the geothermal reservoir region (Young and Ward, 1980,
Wu and Lees, 1996, 1999; Lees, 2002; Wilson et al., 2003; Unruh et al., 2008). Similarly,
Wilson et al. (2003) imaged a strong seismic wave reflector at about 5 km depth that they
interpreted to be the top of the magma chamber. Their results showed no evidence of deeper
reflector at greater depths and suggested that molten material is found in the 5-10 km depth
range. This interpretation supported by a petrological analysis of Fe-Ti oxides, feldspars,
hornblende and plagioclase phase assemblages, and Al-in-hornblende and other mineral
barometry to estimate the age of the magma in the Coso geothermal field by Manley and
Bacon (2000). Recent studies of ambient noise tomography by Yang et al. (2011) observed a
low velocity zone in the 6-12 depth range which they suggested to be a zone of magmatic
material.
In contrast, teleseismic data analysis by Haukson and Unruh (2007) showed that, like other
seismic studies, a low velocity zone is present in the depth range 5-10 km below the surface,
but this zone did not show any change in Vp/Vs ratios. They suggested that the low velocity
zone is due to the presence of brine or other fluids rather than molten rocks. At depths below
10 km they observed low P-wave velocity and higher Vp/Vs which they related to the
presence of a small volume (less than 1 km2) of magma.

2.4.2 Gravity
Although a rich gravity database for the Coso geothermal field area and the regions around is
available, the majority of the data have not been interpreted or published. The complex
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volcanic and tectonic setting of this region makes it difficult to interpret the gravity data for
upper crustal geology. This is probably due to the fact short wavelength anomalies of the
upper crustal features are suppressed by medium to long wavelength lower crust and upper
mantle features. Nevertheless, high amplitude gravity gradients (Figure 2) observed from
Bouguer gravity anomaly maps have been used to imply the presence of numerous faults
within the region (Plouff and Isherwood, 1980; Feighner and Goldstein, 1990).

Previous

gravity studies (Plouff and Isherwood, 1980) mapped a high gradient between -150 and -145
mGal that forms a crude horseshoe shape that encloses most of the Pleistocene rocks of the
Coso Range (Figure 2). A 5 to 50 mGal, 20 km diameter gravity high around the Sugarloaf
Mountains area (Figure 2 and 5) is interpreted as an underlying pluton or mantle derived,
partially molten mafic rocks that are remnants of fractional crystallization rocks
approximately 10 km deep (Feighner and Goldstein, 1990; Monasteto et al., 2005). These
authors modelled the complete Bouguer gravity data that comprises all the frequencies from
deeper mantle to shallow crustal features. In this study we focus our analysis on the shallow
crustal features. Unlike the previous studies we separate the residual from the complete
Bouguer data to enhance shallow or crustal features. The residual data were then inverted to
obtain a 3-D density distribution of the shallow crust to determine the source of the anomalies
in the residual data.
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Figure 5: Complete Bouguer gravity anomaly map of the Coso geothermal field and the
surrounding region contoured at a 5mGal interval. The dashed lines are inferred faults from
gravity gradients. The red points are locations of the gravity stations. The location of the
geothermal resource is around the Devils Kitchen (DK) and the Coso Hot Spring (CHS)
areas. The rectangle box enclosing DK and CHS is the area covered MT soundings shown in
Figure 3.
2.4.3 Resistivity
Resistivity methods are effective in imaging electrically conductive subsurface features such
as fluid filled fractures, hydrothermal minerals, metallic minerals, high temperature regions
or clays commonly formed within high temperature geothermal fields (Wannamaker, et al,
2004, 2005; Newman et al., 2008). Initial resistivity studies in the Coso geothermal field
included Schlumberger, audio-magnetotelluric and telluric mapping (Jackson et al., 1977;
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Jackson and O’Donnel, 1980).The main finding of these studies were that major low
resistivity were associated with Rose Valley and Coso Basin/Wash, regions of valley fills or
alluvium, and also areas around Coso Hot springs and Devils Kitchen regions associated with
rocks hydrothermally altered by hot and saline water (Jackson and O’Donnel, 1980). Most of
these early studies could only investigate to very shallow depths (less than 1 km) in the
subsurface. In order to characterize and monitor the geothermal reservoir, magnetotelluric
(MT) data were recently collected around the Coso geothermal field and also east of the main
geothermal field (Wannamaker et al., 2004; 2005), part of which were available and used in
our analysis (Figure 3a). The region east of the main Coso geothermal field was included in
the MT survey because it has high temperatures (about 3000C at about 2.7 km) and appears to
be a favourable region for geothermal resources. However, preliminary analysis of the MT
data indicates that the rocks appear to have low permeability (Wannamaker et al., 2004;
2005) and this factor limits drilling and exploitation of the heat source. The MT data were
interpreted by Newman et al. (2008) who performed a 3D inversion and generated a detailed
image of the upper 5 km of the crust. However, they could not identify a magma chamber or
any indication of molten rocks as the source of heat mainly because of the depth limit of their
models.

2.5 Magnetotelluric method and data analysis
Naturally-occurring electromagnetic fields (2 horizontal electric fields and 3 components (2
horizontal and vertical) of the magnetic field) are recorded at an MT station as time series.
The horizontal electric and magnetic fields are used to derive period dependent impedance
tensors which then are converted to apparent resistivities and phases (Vozoff, 1972; 1991).
The variations of resistivity with depth can be estimated from derived apparent resistivities as
shown by Park and Wernicke (2003). In this study, we will use the MT data to determine the
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electrical conductivity structure of the Coso geothermal field region and to investigate the
presence of inferred magmatic material in the 5-10 km depth range.
MT measurements are usually vulnerable to near surface resistivity inhomogeneities that give
rise to a frequency independent galvanic response (static shift) on the MT apparent resistivity
curves (Berdichevsky and Dmitriev, 1976; Pellerin and Hohmann, 1990). This shift may
result in significant errors either by over estimating (if the shift is upward) or underestimating
(shift is downward) the true apparent resistivity values and must be removed before
performing any type of interpretation.
The details of the MT data acquisition used in this study are given by Wannamaker et al.
(2004; 2005) and Newman et al. (2008). The data collection was conducted in a noisy
environment where the existing geothermal power plant was the main source of noise
(Wannamaker et al, 2004). Various efforts were made to filter out the noise by applying
remote referencing methods using data simultaneously collected at a distant station
(Wannamaker et al., 2004, 2005). The electromagnetic time series data collected were
corrected for noise and processed using robust methods (e.g., Egbert, 1997) to their apparent
resistivities and phases and stored in standard electronic files (EDI). The data covers a
frequency range between 250-0.01 Hz and based on simple skin depth calculations, the data
can be used to estimate resistivity variations to at least 10 km.
Before the data were interpreted, the data were analyzed for noisy data by removing data with
large errors. The remaining data were smoothed using various polynomial orders (3 to 5). The
smoothed apparent resistivity and phase data were used in the modeling procedure. In
addition, a dimensionality analysis was performed to determine the strike of regional electric
structures (e.g., Ledo et al., 2011). The determined electric strikes were used to rotate the
impedance tensors to directions parallel and perpendicular to electric strike.
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Figure 6: Dimensionality analysis (1D, 2D, 3D or underdetermined) for each MT sounding
grouped in five period bands using the method of Marti et al. (2004; 2009): (a) Elevation
data (colour) with MT stations (black dots). The black dashed lines are the profile lines where
2-D inverse modelling was conducted as shown in Figure 4. (b) band 1, T=0.01-0.1 sec; c)
band 2, T=0.1-1sec; d) band 3, T=1-10 sec; e) band 4, T=10-100 sec; and f) band 5, T>100
sec.
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The smoothed, rotated data were used in the modelling process. There are a number of
methods for determining the dimensionality of MT data (e.g., Groom and Bailey, 1989; Bahr,
1991; Weaver et al., 2000; McNeice and Jones, 2001; Marti et al., 2004, 2009) and each has
different limitations (see Marti et al., 2009). Here we use the WAL rotational invariant
methods of Marti et al. (2004; 2009) to estimate the dimensionality of the data and the results
are shown in Figure 3.
The dimensionality results indicate that the Coso geothermal field indicate a fairly 1-D to 2D
for periods less than one second (T<1 sec) and above one hundred seconds (T>100 sec).Some
3D features as also included in this periods. The 2-D feature at shorter periods (less the 1sec)
with the strike direction being dominantly northwest with some east strike direction (Figures
3b and c), and dominantly 3-D for periods 1 to 100 seconds (Figure 3d and e), and Despite
there being a 3D electrical environment for part of the data, there is a sufficient 2-D
environment to allow us to implement 2-D inversions. We believe that our results may
include errors based on this assumption but recent studies have shown that 2-D inversions can
give a reasonable result when applied in a 3-D environment (Wannamaker, 1999; Park and
Mackie, 2000).
The choice for the MT profile line (east-west profile lines) was based on the local geology
and mapped faults (Adams et al., 2000); electrical strike directions from the dimensionality
analysis (Figure 3) and the residual gravity anomaly map (Figure 5). The profiles were drawn
to cross structures and target the geothermal reservoir areas (i.e. the Devils Kitchen and Coso
Hot Springs areas). In contrast to the previous studies which focused on the upper 5 km
(Newman et al., 2008), our models were extended to 10 km in depth.
The models shown in Figure 4 were obtained after 60 iterations inversion runs. Different half
space models were used with uniform resistivity of 20, 40 and 60 ohm-m and final results
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showed minimal/insignificant variations and displayed the major resistivity zones shown in
Figure 4. Our model convergence was fairly good with low RMS error that ranging 4% to
7%. Our results (Figure 4) are comparable to those obtained from the 3D inversion of
Newman et al (2008) and the 2-D transverse magnetic model of Newman et al. (2008) and
Wannamaker et al. (2004).
The 2-D inversion algorithm by Rodi and Makie (2001) was used to construct final MT
models along profiles (a) and (b) (Figure 3). Before the inversion process the data were
rotated to their principal axis and smoothed to minimize errors due random data scattering.
The smoothed data were used for the 2-D modelling. Ex, Hx Ey and Hy data for frequency
ranging from 0.01 Hz to 250 Hz were included for modelling. No other data were available to
correct for static shift and hence the models presented here are not corrected for static shift.
The transverse electric (electric field parallel to the strike) and transverse magnetic (magnetic
field parallel to the strike) mode smoothed apparent resistivities and phases were used in the
inversion process.
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Figure 7: Two-dimensional magnetotelluric models that across the Coso Hot Spring (a) and
the Devils Kitchen (b) areas constructed by inverting the TE and TM mode apparent
resistivities and phases. The inverted triangles are the MT stations. The lines drawn on the
models mark the major resistivity boundaries. The regions marked R1, R2, R3, and R4 are
the major resistivity zones. CSH is Coso Hot Springs and DK is Devils Kitchen.
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The upper 5 km sections of the 2-D models show a shallow low resistivity zone marked R1.
This layer spreads laterally across the length of both models (Figures 4a, b). This layer
represents mainly illite and smectite clays as shown in drill hole data in the Devils Kitchen
area (Lutz et al., 1996). Two high resistivity zones (R3 and R4) and a low resistivity zone
(R2) are located below the low resistivity zone R1. Zone R3 connects the shallow low
resistivity R1 and the deeper low resistivity (R2) zone. R2 is less resistive than zone R4
which extends to the east and west of our models. Zone R3 is interpreted as faults correlating
with a region marked by high seismicity (Lees, 2002; Hauksson and Unruh, 2007) and, in the
Devils Kitchen area, this zone has been targeted for production wells. These fracture systems
are favourable for the flow of fluids within the geothermal reservoir whose resistivity is
believed to be controlled by illite, chlorite, epidote and wairakite minerals (Lutz et al., 1996;
Newman et al., 2008) within a fluid environment. The high resistivity zone R4 is interpreted
to be caused by unfractured, low saturation rocks which could imply that this is a zone with
minimal porosity or no permeability. The most important discovery of both models is the
position of the low resistivity zone (R2). The top of the R2 low resistivity zone is about 6 km
deep. We interpret this zone to define the location of a cooling magma body that is the source
of heat for the geothermal system. Previous resistivity studies did not image this zone due to
the depth limitation of their methods, although a brittle-ductile transition zone was inferred at
about 5km depth near the Devils Kitchen area (Newman et al., 2008).

2.6 Gravity data analysis
The main focus of this study is on the shallow crust but the complete Bouguer anomaly map
shown on Figure 2 contains anomalies that appear to be from geological features that are both
local/shallow and regional/deeper and, in particular, small-scale or local geology appears to
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be supressed by large/regional geology due to the mismatch between the Complete Bouguer
map (Figure 2) with the geologic map (Figure 1). The Bouguer map (Figure 2) shows
prominent minima that are associated with the Rose Valley and the Coso Basin and probably
the Pleistocene rhyolite field. The gravity gradient could indicate major fault zones that
bound the sedimentary basins. The long wavelength gravity maxima in the southwest and east
regions of the map coincide with regions of basalts and metamorphic rocks. It is likely that
the high gravity anomaly represents a deeper mafic intrusion. To interpret anomalies caused
by shallow or crustal density variations that could also be related to the geology shown in
Figure 1, we separate these anomalies by removing them from longer wavelength regional
density variations. There are a variety of methods to attempt the so-called regional-residual
anomaly separation, including upward and downward continuation, wavelength filtering, and
polynomial trend-surfaces. Although none of these methods is superior over the other, we
used a fourth-order polynomial surface to fit regional gravity anomaly and subtracted it from
the Bouguer gravity anomalies to produce a residual gravity anomaly map (Figure 5). A quick
comparison of the residual gravity anomaly map (Figure 5) to the geology map shows more
correlations than the comparison of Figure 1 to Figure 2. The residual gravity map shows
high amplitude maxima in the Volcanic Peak, Volcanic Butte, Coso Peak, Silver Peak, Pinon
Peak, Cactus Peak and the Sugarloaf Mountain-Coso Hot Spring regions. The anomalies are
interpreted to result from dense mafic flows or dikes in the crust. Gravity minima are
observed within the Rose Valley to the rest of the Coso Range, the Coso Basin to the south of
Coso Range, and the areas between the Sugarloaf Mountains and Pinon Peak, Silver Peak and
Volcanic Butte. These gravity low anomalies are related to sedimentary rocks (Coso
formation) and rhyolite domes as also observed from the geology of the region (Figure 1).
The boundaries between the high and low gravity anomalies are inferred to be faults (Figure
5) which agrees with mapped faults from previous geological studies (Duffield et al., 1980).
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Thus we believe that the gravity anomalies shown in Figure 5 represent local geologic
features or crustal features.

Figure 8: Residual gravity anomaly map derived from removing a fourth-order polynomial
surface from the Bouguer gravity anomalies of the Coso region (Figure 3). The dashed lines
are inferred faults. The two solid east-west lines L1 and L2 are the locations of cross-sections
used to display the 3-D density model. The geothermal resource is found around the Devils
Kitchen (DK) area and Coso Hot Spring (CHS) area. Contour interval is 5 mGal.

To estimate the depth and geometry of the sources of the residual gravity anomalies (Figure
5), a 3-D inversion (Li and Oldenburg, 1998) of the residual gravity anomaly data was
performed. Different inversion parameters (e.g., weighting of the data, data errors, choice of
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objective function, starting model and size of model mesh) were considered and varied in
some cases to test the consistency of our models with geology. Poor choices for these
parameters could lead to results that have no relationship to the actual geology despite a low
RMS error (Li and Oldenburg, 1998). The inversion helps estimate the densities of the
subsurface from the residual gravity anomalies and they represent a density contrast model
rather than actual densities. The mean density used in this model was 2.7 g/cm3. The
inversion space domain was made of a block of 21000 m (EW) by 19750 m (NS) by 32500 m
(depth) that was then divided into cubes of different sizes, with 391524 small cubes of 250 m
length on the top, and 33180 medium size cubes of 500 m length in the middle, and119 large
size cubes of 2500 m length in the below (bottom). The data was assigned a 5% Gaussian
error. The densities were allowed to vary from 3 g/cc for basalt to 2.4 g/cc for sediments or
rhyolites. Several inversions were performed to observe the effect of the different weighting
and objective function on the final results. The results show in Figure 6 was obtained after 70
iterations and had a RMS error of 0.9 mGal that is consider low than acceptable.
Comparisons of the residual gravity anomaly map and the 3-D model with the surface
geology of the area show a good match. The modelled densities could be related to the
Mesozoic granite and metamorphic rocks, mafic rocks like gabbro, Quaternary rhyolites,
Tertiary-Quaternary sediments and volcanic deposits (Adams et al., 2002). For example, the
high gravity/density zones correlate with volcanic peaks or mountains like Coso Peak, Silver
Peak, Sugarloaf Mountain, and Ball Mountain, while the low density regions correlate with
basin fill/ alluvium, rhyolitic domes, molten rocks, or faults and fractures.
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Figure 9: Three-dimensional density distribution of the Coso geothermal field and the
surrounding regions determined by the inversion of the residual gravity anomalies. The
dashed lines are inferred faults or contacts based on density contrasts. The mean density used
here is 2.7g/cc (marked zero). The area marked BM is the Ball Mountains, S. Mt Sugarloaf
Mountain, RV Rose Valley, DK Devils Kitchen, and SP is Silver Peak.
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To simplify our interpretation, we divided the model densities into two groups: low density
zones ranging between 2.4 g/cm3 and 2.7 g/cm3 to represent the felsic rocks, volcaniclastics
and sediments/sedimentary rocks, low density rhyolites, or fractured rocks such as those
within the geothermal reservoir, and the high density zones between 2.7 g/cm3 and 3.0 g/cm3
that represent the mafic lithology e.g., gabbro and basalts and the mixture of mafic (gabbro)
and felsic (lucogranite) rocks that have been identified in this region whose density vary
between 2.75 g/cm3 and 2.95 g/cm3 depending on the compositional mixture (Whitmarsh,
1998). The high density regions associated with volcanic peaks or mountains such as
Sugarloaf Mountain and Ball Mountain extend from the surface to a depth of 7.3 km and are
underlain by low density rocks. The high density zones are associated with high seismic
velocities (Hauksson and Unruh, 2007; Yang et al., 2011) and are interpreted to be
unfractured, dense rocks or cold plutons. The underlying low density zones are interpreted as
partially molten rocks. We believe that from the Tertiary and through the Quaternary (Adams
et al., 2002; Manley and Bacon, 2000) volumes of molten rocks/magma were forced into the
shallow crust and some were extruded to the surface while others remained within the crust.
With time, the top and outer part cooled to form denser rocks near the surface but hot rocks
still exist beneath those cooled rocks (Figure 6).
Previous studies have suggested that there are two magma chambers in the region, a shallow
and a deeper chamber (Manley and Bacon, 2000). However, other geophysical studies have
indicated the existence of a single chamber system instead (Wilson et al., 2003). Our analysis
also indicates a single magma chamber whose top is about 6 km deep. Its lower limit could
not be resolved using the gravity or MT data. Gravity lows are observed in places where
extension tectonic processes formed basins that are now filled with sediments and loose
volcanic deposits like Rose Valley and Haiwee Ridge. In other places, rising magma has
forced the rocks above to fracture and those fractures are now the host and channel for
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hydrothermal fluids like in the Devils Kitchen area (Figure 5 and 6). A similar scenario,
where magma upwelling has caused intense fracturing and high density dikes above a low
density magmatic material, was observed at the Menengai geothermal field in Kenya
(Wamalwa et al., 2012)

2.7 Conclusions
Geophysical methods can help understand the nature of the subsurface, but overdependence
on a single method can be misleading, and hence the contribution of several techniques over a
particular target is preferable. In the present study, we used a gravity and MT data analysis to
show that a correlated low resistivity and low density zone may be partially melted material
that provides the heat for the Coso geothermal field. The low density/resistivity region lies
below a seismogenic boundary (Haukson and Unruh, 2007) and corresponds to a region of
little to no seismicity which is inferred to be a result of the presence of ductile rocks. The
upper region of high seismicity is characterised by earthquake swarms that may indicate ongoing fracturing or thermal expansion and/or contraction related to an underlying inferred
magmatic material. From our analysis and the previous studies it is evident that a major
thermal boundary exists at 5-6 km depth. This is a temperature boundary that marks the
brittle-ductile transition zone that could be estimated to be about 300 to 4000C. The main
question lies on what underlies this boundary. We suggest a magmatic material based on the
other MT studies around the world and our Menengai study that shows a zone of restricted
seismicity. This however cannot rule out the possibility of a high pressure zone containing
brine as it will still give a low resistivity signature.
The 2D inversion of MT data and 3D inversion of residual gravity data is interpreted to as a
zone of partially molten rocks in the Coso region based on a low resistivity and low density
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zone below 6 km in depth. The presence of fracture systems that probably host the
geothermal resources in this region correlate well with the locations of the micro-earthquake
events like those observed in similar studies in Kenya (Wamalwa et al., in review).
Unfractured rocks are marked by intermediate to high density zones and high resistivities.
Geothermal exploration is usually focused on the identification of the source of heat (magma
chamber), fractures that can allow circulation of fluids, and convective heat transfer to the
near surface where it can be tapped by wells and fluids. We believe our work presents an
improved and more complete picture of the Coso geothermal fields by identifying all the
features related to the geothermal system,
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SECTION 3
Geophysical Characterization of the Menengai Volcano, Central Kenya
Rift from the Analysis of Magnetotelluric and Gravity Data
(Paper Submitted to Journal)

WAMALWA, Antony M.1,3, MICKUS, Kevin L.2, and SERPA, Laura F.1
1. Department of Geological Sciences, University of Texas at El Paso, 500 W. University, El
Paso, TX 79968,
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3. Geothermal Development Company, P.O. Box 100746, 00101, Nairobi, Kenya
3.1 Abstract
In this study, we qualitatively analyze detailed gravity and broadband magnetotelluric data in
and surrounding the Menengai Volcano region of the East African rift in Kenya in order to
assess geothermal potential of the region. Three-dimensional density models obtained by
inverting residual gravity anomalies and 2D resistivity models obtained by inverting the TE
and TM magnetotelluric modes show several common features. At shallow depths, 0.5 km to
1.5 km below a caldera at the summit of the Menengai volcano, a low resistivity and low
density region is interpreted as a highly fractured zone that consists of clay minerals resulting
from hydrothermal alteration. A higher resistivity zone is imaged just beneath the shallow
low resistivity layer at a depth range of 1.5 to 4 km below the surface interpreted a high
temperature reservoir zone. The increase in resistivity with depth within the caldera region in
particular

suggests a change in mineralization as a result of increasing temperature. At

greater depths approximately 6-7 km another low resistivity (> 25 ohm-m) low density zone
was identified within caldera and interpreted as molten material that is the source of heat for
the geothermal system. The low resistivity regions that correlated with the low density region
within the caldera are bounded by high resistivity, high density volcanic units implying that
the dense and electrically resistive volcanic material is relatively cool and lacks significant
fluid content. This result agrees well with the results from previous seismic studies.
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3.2 Introduction
The Menengai volcano is located within the Kenya portion of the East African Rift, referred
to here as the Kenya Rift (Figure 1). Since the Miocene, extensional tectonics accompanied
by faulting, uplift, lava flows, and volcanism has formed the Kenya Rift. In the Quaternary,
several volcanoes were emplaced within the rift axis (Simiyu and Keller, 1997, 2001;
Omenda, 1997, 1998; Mariita, 2003,). Previous geophysical studies indicate that the various
volcanic centres within the rift grabens correlate with a 50 km wide and 20 mGal positive
gravity anomaly embedded within a broad gravity low. This gravity high, combined with
high seismic velocities within the crust, has been interpreted to be caused by magmatic
intrusions into the shallow crust (Simiyu and Keller, 1997, 2000, 2001; Mariita and Keller,
2007).
A recent study by Simiyu and Keller (2001) showed that a shallow, high velocity, dense body
is located about 4 km beneath the Menengai volcano. Microseismc studies (Simiyu, 2009)
imaged a body that attenuated seismic waves and was interpreted as an indication of partially
molten material at about 6-7 km depth. In this region, faults that facilitated magma flow out
of the original chamber may now control ground water and hydrothermal fluid movement
(Leat, 1984).
Geophysical methods (e.g., Becktold, 1983; Bibby et al., 1995; Arnason et al., 2010) have
been used extensively in resource exploration to image the geology and map subsurface
structures. The results from any geophysical data modelling process are non-unique (e.g.,
Arnason et al., 2010; Serpa and Cook, 1984) and hence the interpretation of the data in terms
of subsurface geology is not straightforward. However, integrated interpretation of models
derived from different types of geophysical data may yield a more realistic geological model
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of the subsurface. In this study, we focus our efforts on the Menengai volcano with a detailed
qualitative analysis of gravity and broadband magnetotelluric (MT) data. We compliment the
previous geophysical studies (e.g. Simiyu and Keller, 2001; Simiyu, 2009) with new 3D
density and 2D resistivity models which will be analysed for anomalies that appear in each of
the data sets and for features that are common to the individual models.

In doing this, we

intend to obtain a detailed image of the underlying magmatic body and the associated
geothermal reservoir. Our collective interpretation of these individual models is intended to
mitigate the errors and non-uniqueness in each of the methods leading to reasonable and
reliable conclusions about the source of the observed gravity maxima and an aseismic zone.

3.3 Previous geophysical studies in the Kenya Rift
Several geophysical and geological studies (e.g. Karson and Curtis, 1989; Swain, 1992;
Simiyu and Keller, 1997, 2001; Mariita and Keller 2007; Meju and Sakkas, 2007) have been
conducted within the Kenya Rift that have focused on the geology at both lithospheric and
crustal scales. The results from the Kenya Rift International Seismic Experiment (KRISP) are
probably the most important geophysical studies because they revealed major features of the
rift which provides a model for rift structures today. Keller et al. (1994a) and Prodehl et al.
(1994) discussed the KRISP data in terms of the processes that formed the rift which lead to
the complex lithospheric structure associated with rift formation. They showed that the crust
is approximately 35km thick in the central section of the rift around the Menengai volcano
and thins northwards towards Lake Turkana. In addition, Keller et al. (1994a) observed that
the P-wave velocity of the upper mantle was about 7.8 km/s with a density of 3.12 g/cm3near
the Menengai region but it decrease to 7.5 km/s with an increase in density to 3.26 g/cm3, to
the north near Lake Turkana (Henry et al., 1990; Keller et al., 1994; Mechei et al., 1997
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Simiyu and Keller 1997). Henry et al. (1990) also showed that high velocity material
underlies the Menengai region.

Figure 1: Map of the Kenya Rift showing the location of lakes and volcanic sites. The
Menengai geothermal prospect that is located around the Menengai volcano is indicated by a
rectangular box.
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By integrating seismic and gravity data, Simiyu and Keller (2001) developed a detailed
picture of the southern section of the Kenya rift and modelled the gravity data in and
surrounding the Menengai, Suswa, and Olkaria volcanic fields (Figure 2). Their analysis
formed the basis of a further investigation of the source of the gravity anomalies within the
Menengai region (Simiyu and Keller, 2001). They modelled a dense magmatic body (20 km
wide and 6 km deep) in this region which they interpreted as a cooling magmatic body. An
earthquake survey within the Menengai region showed a micro-earthquake events happened
mainly in the upper 5 km within the caldera and deeper to about 7 km outside the caldera
(Simiyu, 2009). Within the Menengai caldera, seismic wave attenuation zones were identified
and interpreted as regions containing molten rocks (Simiyu, 2009).

Figure 2: An interpreted geological cross-section along the rift axis from Lake Baringo to
Lake Magadi from seismic refraction and gravity models (modified from Simiyu and Keller,
2001).
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Figure 3: A simplified geologic map of the Menengai region. The bold dashed lines are the
bounds of the Menengai caldera, the other lines are faults, and the dark stars are the eruption
centres (Modified from Leat, 1984 and Mungania, 1999).

3.3.1 Menengai Volcano
The Menengai volcano is predominantly trachytic and is located at the intersection of the
Nyanza Rift system and the main Kenya Rift (Figure 1) and a point where the Molo and the
Solai tectonic axes converge (Figure 3). The volcano formed about 180 ka as a trachyte lava
shield volcano which collapsed at about 29ka to form a caldera after a large volume of
magma was extruded from an underlying magma chamber (Leat, 1984; Mungania, 1999).
The caldera is within the apex of the Kenya Dome with an elevation about 2 km above sea
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level. The caldera has an elliptical shape with major and minor axes of 12 km and 8 km,
respectively. Its floor covers an area of about 88 km2 and is made up of young lavas
emplaced 14,000 yrs ago (Leat, 1984).
The volcanic rocks found in this region (Figure 3) range from phonolite to trachyphonolites
to trachyte and minor tuffs that were emplaced in the region before the caldera formed and
post-caldera ignimbrites with some trachyte lava flows and minor pyroclastic material. The
older rocks are exposed on the caldera walls while the younger rocks make up the exposed
caldera floor (Mungania, 1999). The faults in this region appear to have facilitated the
eruptions of an ash-flow tuff that led to the emptying of the magma chamber beneath
Menengai (Leat et al., 1984; Macdonald et al. 1994; Omenda et al., 2000; Simiyu and Keller,
2001; Macdonald and Scaillet, 2006; Simiyu, 2009). Most of these faults strike north,
northwest or northeast and may control the hydrology and hydrothermal system in this
region.

3.4 Geophysical data analysis
3.4.1 Gravity
The Kenya Rift system has been extensively studied using gravity and seismic data (e.g.,
Searle, 1970; Baker and Wohlenberg, 1971; Khan and Swain, 1978; Swain et al., 1981, 1994;
Swain, 1992; Simiyu and Keller, 1997, 2001). The most important finding from these studies
is that the majority of the Kenya Rift is characterized by a negative Bouguer gravity anomaly
that is about 350km wide. A local positive gravity anomaly, 40-60 km wide, is superimposed
on the negative anomaly (Figure 4a). The positive anomalies are more obvious on a residual
gravity anomaly map created by bandpass filtering (Figure 4b). These anomalies have been
interpreted as low density material in the upper mantle providing the source of the negative
gravity anomaly (Fairhead, 1976; Banks and swain, 1978; Simiyu and Keller, 1997) while the
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gravity high is caused by an intrusion of mantle derived material into the shallow crust
(Swain et al., 1981; Simiyu and Keller, 2001). The gravity data along the rift indicate that the
major volcanic centres, such as Menengai, Eburru, Olkaria, and Suswa are associated with
the positive anomaly (Figure 2).

Figure 4: Bouguer gravity anomaly map of the Kenya rift (a) and (b) Band-pass (5-250 km)
filtered map of the Bouguer gravity anomaly map. White lines show the fault boundaries of
the rift and the star is the location of the Menengai volcano. The red colours are relative
positive gravity anomalies.

For this study, the gravity data from the Menengai volcano and the surrounding area from the
gravity database of Simiyu and Keller (2001) and Mariita and Keller, (2007) are analysed.
Simiyu and Keller, (2001) merged all previous data with new data collected by the KRISP
investigations and the Kenya Electricity Generating Company. These data were processed to
obtain complete Bouguer gravity anomalies using sea level as a datum and 2.67 gm/cc as a
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reduction density. The resultant data were gridded and contoured to produce a complete
Bouguer gravity anomaly map of the Menengai region (Figure 4a).
The data indicate a gravity low that is associated with faults and fractures or low density
volcanic material within the Menengai volcano. This gravity low occurs between two gravity
maxima north of the caldera in the Ol’rongai Hills area and south of the caldera that can be
associated with dikes and intrusions as modelled by Simiyu and Keller (2001). Another
gravity low is located west of the caldera in the Menengai Farms and the east of the caldera
towards the Bahati region. These gravity lows to the east and west of the caldera are part of
the broad low anomaly associated with the rift as shown in Figures 4a, b.
By just analysing the complete Bouguer gravity anomaly map, one cannot interpret the depth
and geometry of the sources of the various anomalies. To better interpret the sources of the
anomalies, 2 or 3D modelling must be undertaken and, given the 3D nature of the anomalies
on Figure5a, we chose to perform a 3D inversion in order to estimate the density distribution
that causes the observed anomalies. Because we are interested in the upper crustal features
that are related to the formation of the Menengai volcano and those related to geothermal
resources, a residual anomaly map was constructed (Figure 5b).
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Figure 5: (a) Bouguer gravity anomaly map of the Menengai volcanic centre and surrounding
region and (b) residual gravity anomaly map derived from a fourth-order polynomial surface
removed from the Bouguer gravity anomalies. The dashed lines are the faults bounding of the
caldera while the continuous lines are faults associated with rifting. The stars show the
eruption centres. The crosses in (a) represent the gravity stations.
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There are numerous methods (e.g. wavelength filtering, upward continuation and polynomial
trend-surfaces) that can be used to construct the residual anomaly map. We tried the above
methods and found that they all produced similar results. Our final residual map (Figure 5b)
was based on a fourth-order polynomial surface that was removed from the Bouguer gravity
anomaly data (Figure 5a).
The gravity anomalies show low “negative” gravity values within the caldera that are
associated with fractured zones or low density volcanic material. High “positive” gravity
anomalies appearing at the centre of the caldera are associated with post caldera lava flows
that cover most of the inside of the caldera. The caldera is bounded by positive gravity
anomalies which we relate to cold magmatic material or dikes, while the negative anomalies
outside the caldera may be related to either faults or low density volcanic material that covers
most of the region around the Menengai volcano (Mungania 1999).
To determine the upper crustal density structure of the Menengai region we used a 3D
inversion routine (Li and Oldenburg, 1998) where the calculated gravity anomalies are
determined using the gravity station elevations. Because the inversion problem for density
using gravity data is non-unique, various inversion parameters (e.g., weighting of the data,
data errors, choice of objective function, starting model and size of model mesh) were
considered and in some cases varied.
The modeling space domain was designed to cover the region shown on the residual gravity
data and measured 12750 m (NS), 10750 m (EW) and 26500 m (depth). This space was
divided in 3 horizontal layers containing cubes of different sizes. The top 8000 m thick layer
was divided into 250 m length cubes, the middle 10500 m thick layer was divided into 500 m
length cubes, while the third bottom 8000 m thick layer was divided into cubes of 2000 m
length. Different weights and objective functions were used in different runs in order to
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obtain a reasonable model that is comparable to the mapped local geology. Since there were
no data we assigned a 5% Gaussian error to the data. The choice of wrong inversion
parameters can lead to results that have no relationship to the actual density structure despite
a low RMS misfit between the observed and calculated data (Li and Oldenburg, 1998). In
order to minimize these factors, we performed numerous inversions to explore the effects of
these parameters on the final model. The result presented here in Figure 6 was obtained after
36 iterations giving a reasonably low RMS error misfit of 0.73 mGals on average.
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Figure 6: Three-dimensional density model of the Menengai region (b). Figure (a) is a model
that shows the inside of the caldera when sliced in the east-west (AA’) direction along a
northing (9975800) while (c) shows a section of the caldera when sliced in north-south (BB’)
and east-west (AB) directions through the center of the caldera. The region D represents high
density body, F a low denstity zone while M a zone of intermediate denssity. The color scale
is relative to 2.7 g/cc.
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3.4.2 Gravity data interpretation
The density model (Figure 6) obtained from the inversion indicates that the greatest
variations, producing both high and low gravity anomalies, are focused along the caldera
boundary. In particular, the gravity lows were modelled as low density zones (zones F on
Figure 6) with a density range between 2.4-2.6 g/cm3 along the boundary of the caldera and
extending to a depth of about 6 km. These low densities are interpreted to be highly fractured
zones that probably formed during the caldera eruption. High density zones (zones D) are
also modelled around the caldera margin and have a density range of 2.9-3 g/cm3. These high
density zones also extend to a depth of about 6 km, similar to the low density boundary
material. We interpret the high density zones to be cold, mafic magmatic material filling
some of the fractures that formed during caldera collapse.
Away from the caldera rim, the modelled density variations and the gravity anomalies (Figure
5 and 6) around the Menengai caldera are relatively subdued compared to the low density
zones (Zone F) that are related to the fracturing and magma intrusion along the caldera rim.
The surface of the region is covered with recent volcanic flows and there is geologic evidence
for intense fracturing in much of the area (Mungania, 1999). Because the inner rim of the
caldera shows very low densities, we infer that either the rim is much more fractured and
intruded than elsewhere in the area or that there are some other density variations in the
subsurface that counters the shallow fracturing. Our models suggest that the caldera may be
underlain by lower density molten rocks below the 6 km base of the caldera and that may
contribute to the lower densities found within the caldera. The gravity model implies that
there are fewer fractures and mafic intrusions within the shallow caldera, and when combined
with the presence of a large low density intrusion beneath the caldera, produces the low
amplitude gravity anomaly that characterizes the main part of the caldera. To further test this
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idea, we examined the MT data within and surrounding the caldera to identify more fluid rich
regions and fractures, and to evaluate the possible geothermal potential of the area.

3.4.3 Magnetotellurics
The MT method involves recording time-varying naturally-occurring magnetic and electric
fields on the Earth’s surface. These time-varying fields are used to infer the lateral and
vertical electrical resistivity structure of the Earth’s interior. These electromagnetic fields are
recorded as time series and then a period dependent impedance tensor between the source
magnetic field and induced electric field is constructed (Vozoff, 1972, 1991). These tensors
are then decomposed into two principal orthogonal directions namely: the transverse electric
(TE) where the electric fields are oriented parallel to the electric strike and the transverse
magnetic (TM) where the field is oriented perpendicular to the electric strike for an assumed
2D subsurface (Vozoff, 1991). The decomposition of the tensor into a TM and TE mode is
only strictly valid for 2-D electrical structures and the validity of using 2-D modelling
routines will be discussed below. To interpret MT data, the magnitude and phase of principal
impedance modes are converted to apparent resistivities which vary according to period. The
conversion of the apparent resistivities to depth is not simple (Park and Wernicke, 2003) and
usually involves some type of inversion process. However unlike the gravity and magnetic
fields, MT has the ability to resolve depth information based on the variation of depth of
penetration with signal frequency (Jones et al., 2003). In this study, we will use the MT data
to determine the electrical conductivity structure of the Menengai volcano region will
specifically aid in determining the depth and geometry of the geothermal reservoir and the
magma chamber.
Local near surface inhomogeneities may cause a pronounced galvanic response on MT
apparent resistivity curves independent of frequency. This is commonly known as static shift
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due to the fact that an electric field is generated from boundary charges from a near surface
resistivity body that will persist through the entire MT recording range (Berdichevsky and
Dmitriev, 1976; Pellerin and Hohmann, 1990). This so-called static shift causes the apparent
resistivity curve to be shifted up or down parallel to the actual resistivity. There are several
techniques proposed for correcting static shift on MT data but no single technique is unique
(Beamish and Travassos, 1992). In this study we used time domain electromagnetic (TDM)
and transient electromagnetic (TEM) data collected at or near a MT sounding location to
determine the near surface resistivity values in order to correct any static shifts in MT data.

3.4.4 Data collection and processing
Broadband (0.0025-400 seconds) MT measurements were made using a Phoenix Geophysics
MTU-5A bit data acquisition unit. The electric fields were obtained using 100 m long
orthogonal dipoles (oriented north-south and east-west) while the magnetic field was
measured using solenoids (coils) buried in the ground for thermal and mechanical stability. A
total of 98 stations were randomly collected around the Menengai volcano by the Kenya
Electricity Generating Company (KenGen) and the Geothermal Development Company
(GDC) as shown in Figure 7. Each station recorded for approximately 20 hours. One station
was held fixed at a location 30km away from the Menengai volcano and was used for remote
referencing processing. The roaming instruments and the stationary one were synchronized
by a satellite Global Positioning System (GPS). The data were processed using robust
processing codes that incorporated remote referencing (Egbert, 1997). The resulting principal
impedance tensors which were used to estimate the apparent resistivity and the impedance
phase. Although some data contained noise that minimised by smoothing, some station that
were very noisy were not included in the modelling.
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Figure 7: Electrical resistivity variations at 2000m below sea level (mbsl) as determined from
a one-dimensional Occam inversion of each. The MT stations are shown as black circles. The
solid lines are faults and the dashed line is the caldera boundary. Two-dimensional modelling
was run along lines connecting points AA’, BB’, and CC’ and are shown in Figure 9 and 10.

To investigate the shallow resistivity distribution of the study region, a one-dimensional (1D)
inversion using Occam’s method (Constable et al., 1987) for each sounding was performed
and then used to generate a map of resistivity variation at a depth of 2000m below sea level
(Figure 7). Such a model gives a rough idea of the resistivity variations at depths. The
resistivity map indicates low resistivity regions northwest of the caldera in the Ol’rongai Hills
area, within the caldera and south of the caldera. These regions correlate with faults in these
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regions and along the Molo tectono-volcanic axis (see Figure 3). We infer this low resistivity
zone to be related to the presence of fluids circulating along the faults and fractures or
hydrothermally altered rocks. High resistivity zones cover the regions west of the Menengai
volcano around Menengai Farms and to the north and northwest in the Bahati area. The high
resistivity is inferred to be the result of either less fractured or faulted zones, dry sediments or
volcaniclastics, or the absence of hydrothermal altered grounds.

3.4.5 Data interpretation
Before an MT model is created and interpreted, a dimensionality analysis must be performed
to determine the electrical strike of regional structures and the regional impedance tensors
(e.g., Ledo et al., 2011). These values will be used to determine whether the data suggest that
the structures beneath a station is 1D, 2D or 3D and which modelling method can thus be
used in the data interpretation. There are numerous methods for determining the
dimensionality of MT data (e.g., Groom and Bailey, 1989; Bahr, 1991; Weaver et al., 2000;
McNeice and Jones, 2001; Marti et al., 2004, 2009), however the majority of the methods
(e.g., Groom and Bailey, 1989; Bahr, 1991; McNeice and Jones, 2001) have some sort of
limitations as explained by Marti et al. (2009). To overcome the limitations of the above
methods, Marti et al. (2004; 2009) modified the method of determining the rotational
invariants of Weaver et al. (2000) to determine the dimensionality of the MT data. The
method (called WAL rotational invariants) provides estimates of dimensionality over bands of
frequencies at each station and the amount of galvanic distortion which is determine using the
methods of Groom and Bailey (1989) and McNeice and Jones (2001). We will use the WAL
rotational invariants in our analysis.
Traditionally, MT data analysis has used the methods of Swift (1967) in order to determine
the electrical strike directions and dimensionality of the data. One value, called skew, can be
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used as a quick check for dimensionality and our analysis found that the skew values were
below 0.2 which indicates the data were taken over either 1D or 2D structures, particularly
for the short periods, but for skew values greater than 0.2 this may imply the data are located
over 2D or 3D structures for longer periods (Ranganayaki, 1984).
The results of the dimensionality analysis (Figure 8) indicate that the Menengai region is
complex with dimensionalities ranging from 1-D to 2D to 3-D for the different frequency
bands, in particular, the region within the caldera. However, the results show that the regional
strike, particularly for at shorter periods (periods less than 10seconds), is mainly 2D with a
NW direction. This strike direction is still observed for longer periods (> 10 seconds),
however most of the stations indicate a three dimensional structure. The NW strike direction
is consistent with the local geology, as this direction aligns with the Molo tectono-volcanic
axis. Even though the dimensionality analysis indicates 3D electrical structure at depth, we
believe that our interpretation for the 2D resistivity model of this region is acceptable
(Wannamaker, 1999; Park and Mackie, 2000).
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Figure 8: Dimensionality analysis for each MT sounding grouped in five period bands using
the method of Mart et al. (2004, 2009): band 1, T=0.01-0.1 sec; band 2, T=0.1-1sec; band 3,
T=1-10 sec; band 4, T=10-100 sec; band 5, T>100 sec. The black lines show the strike
direction.
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2.4.6 Two-dimensional modeling
Based on the above dimensionality analysis, both the TE and TM apparent resistivity and
phase and the transfer functions of the available static shift corrected MT data were analyzed
using a 2D regularized inversion algorithm (Rodi and Mackie, 2001) that jointly minimizes
the data misfit. This technique tries to jointly fit the observed impedance elements and the
magnetic transfer function. Although much of our data had very minimal noise levels, a few
stations were noisy and were excluded from the inversion process. The data were smoothed
and static shift corrected using the controlled source electromagnetic data before the 2D
inversion was run. We started the inversion with a simple 10 km thick layer of 500 ohm-m
resistivity. During the inversion, the data were weighted by the inverse of their variance
where data with low variance were given large weights (Rodi and Mackie, 2001). Several
inversions were conducted to determine which features were required by the data by varying
the starting models. The final models have an overall RMS error between 2% and 5% which
we consider a reasonable fit given the observed data errors.
The resistivity data were modelled along three profile lines (Figure 7)); two east-west lines
and one north-south line that cross four prominent resistivity zones from the 1D analysis
(Figure 7). These models (Figures 9a, b and 10) indicate two distinct low resistivity zones
(less than 25ohm-m), LRZ1 (Figure 9b) and LRZ2 (Figures 9a, 10). They are separated by
intermediate resistivity zones (25 ohm-m to 100 ohm-m) (IRZ). LRZ1 is shallow and spreads
laterally across the study region while LRZ2 is deeper. The fourth zone is a high resistivity
zone (more than 100 ohm-m) (HRZ). This zone appears on either side of the deep low
resistivity zones (LRZ2) and the intermediate resistivity zones (IRZ) on all the cross-sections
(Figures 8 and 9) and is inferred to be the background resistivity signature of the region while
LRZ1, LRZ2, and IRZ are resistivity anomalies that reflect the changes in lithology, porosity
fracture intensity, temperature or fluids relative to the background material.
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Most of the shallow geology around the Menengai volcano is covered by post caldera
volcanic materials, primarily ash and tuffs as discussed above. The basement rocks of the
mobile belt in this region were estimated to be at about 5 km depth (Simiyu and Keller, 2001,
1997) and are overlain by post caldera Miocene lavas and by phonolite and trachyphonolite
volcanic deposits, all of which are expected to have high resistivity unless altered by fluids,
temperature, or fractures.
Resistivity studies over volcanic regions such as Coso in the United States (Newman et al.,
2008), and Krafla and Hengill in Iceland ((Onacha, 2006; and Anarson et al., 2010) have
shown that resistivity increases with temperature. These studies have also related an observed
shallow low resistivity zone to hydrothermal effects based on the correlation of drill core data
with resistivity. Based on these analyses, it is reasonable to assume that the shallow (about
1000m above sea level) low resistivity (LRZ1) (< 25 ohm-m) layer of our models (Figure 6
and 7) indicates a clay-rich, low temperature, mineralized zone, while the high resistivity
underlying it is probably a high temperature mineralized zone with low porosity.
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Figure 9: Two dimensional resistivity models for the east-west profiles: (a) AA’ and (b) BB’.
The shaded regions are the various resistivity zones representing the subsurface geology of
the region. The LRZ1 is the low resistivity zone one, IRZ the intermediate resistivity zone,
LRZ2 is the low resistivity zone two and HRZ the high resistivity zone, respectively. The
black squares on the surface of the cross-section are the MT stations while the bold dipping
lines are the caldera boundaries.
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The high resistivity zones (HRZ) (>100 ohm-m) shown in both the east-west and the northsouth models are interpreted to be caused by the compacted dry volcanic materials or
crystalline basement rocks. The deeper low resistivity zone (LRZ2) is inferred to be magma
that acts as the source of heat for the geothermal system. This interpretation is consistent with
the interpretations of Simiyu and Keller (2001) and Simiyu (2009) that indicated the presence
of magmatic material at about 6 km below Menengai.

Figure 10: Two dimensional resistivity model for the north-south profile. The shaded regions
are the various resistivity zones representing the subsurface geology of the region. LRZ1 is
low resistivity zone one, IRZ the intermediate resistivity zone, LRZ2 is low resistivity zone.
two and HRZ the high resistivity zone, respectively. The black squares on the surface of the
cross-section are the MT station while the bold dipping lines are the caldera boundaries.
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Figure 11: A conceptual resistivity model of a convective geothermal system. Modified from
Oskooi et al., (2005) and Pellerin et al., (1996)

A proposed conceptual model (Figure 11) for a high temperature geothermal system indicates
a temperature dependent electrical resistivity structure due to changes in mineralogy that
helps guide the interpretation of resistivity models over geothermal fields (Pellerin et al.,
1996; Oskooi et al., 2005; Cumming, 2009; Spichak and Manzella, 2009; Anarson et al.,
2010; Cumming and Mackie, 2010). These authors have shown that shallow, low resistivity
layers consist of low temperature hydrothermal alteration products distinguished by the
abundance of electrically conductive smectite and zeolite minerals that form the cap rock
above the reservoir (Anderson et al., 2000; Oskooi et al., 2005; Cumming, 2009). As
temperature increases with increasing depth along the geothermal gradient, the smectite and
zeolite concentration decreases while illite and chlorite minerals form in the reservoir region
(Figure 11). Flovenz et al. (2005) have shown that the resistivity change in the reservoir is
caused by the increased illite and chlorite concentrations and low cation exchange. The
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deeper conductor in such fields is suggested to be molten magmatic material interpreted as
the heat source for the geothermal system (Arnason et al., 2010).

3.5 Integrated analysis
The primary elements of a geothermal system are the heat source, the cap rock, the fractured
reservoir, and the thermal fluids. Each of these has a geophysical signature that may be
easier to recognize in either gravity or resistivity data, but not necessarily in both. We
observed that there are several similar features in both our gravity and resistivity data sets,
although there is no direct mathematical relationship between the two methods. For this
reason, we decided to combine the interpretation of these data to determine the optimal
subsurface model.
We combined the interpretation of our density and resistivity models with the previous microseismic studies of Simiyu (2009) as show in Figure 12. These results show features labelled
as MB and R (Figure 12). The region MB appears at a depth below 6-7 km in the gravity,
resistivity and micro-seismic models. This zone is defined by an intermediate density (about
2.8 g/cm3), a low resistivity (less than 25 ohm-m), and is also a region with no seismic events
as shown in Figure 12a, b and c, respectively. This zone is interpreted as molten magmatic
material of mantle origin. This is an inferred remnant of the magma chamber, part of which
was emptied during the collapse of the caldera.
The region above the MB zone is marked as the R zone. This zone is defined by relative low
density in the gravity model, high resistivity zones below a low resistivity zone in the
resistivity models and a region of high seismicity in the seismic data (Figure 12). This region
is interpreted as a zone of high fracture density and hence high porosity. The correlation of
high seismicity with low density zones favours the interpretation of the low density zones as
highly fractured and faulted rather than being composed of low density volcaniclastics or
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sediments. The change in resistivity from higher resistivity below a low resistivity zone in
these inferred fractured zones resembles the proposed reservoir in the conceptual model as
shown in Figure 11. Hence, we suggest that fracturing has allowed fluid circulation to
transfer heat to shallow depths. We suggest that the 2400C isotherm is located at an elevation
of about 1km above sea level at the boundary between the low and high resistivity zones
Because those zones are interpreted to be two distinct mineralogical zones where minerals
such as smectite, quartz and carbonates occur in the upper low resistivity zone while chlorite,
illite, potassium feldspar and epidote quartz appear below this isotherm (e.g. Browne, 1989;
Flovenz et al., 2005; Oskooi et al., 2005; Arnason et al., 2010). We envisage that it is in this
region were most of the hydrothermal resource is located.
In addition the gravity data reveal the source or part of the source of the gravity high
observed around the Menengai volcano. The high density zones (about 2.9-3.0 g/cm3) are
interpreted as magmatic material that cooled along the fractures or vents through which the
magma reservoir beneath was emptied. These zones are limited to a depth of 6-7km. The
reduction in density below the high density bodies is interpreted to be a change from cold to
hot molten rocks. This interpretation is consistent with the micro-earthquake plot that shows
the lateral extent of the seismic aseismic zones in the MB zones (Figure 12)
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Figure 12: Geophysical models of (a) 3D density distribution (b) resistivity distribution and
(c) a micro-seismicity plot from Simiyu (2009). The model show major zones revealed from
the different datasets as the MB (magma body) zone and the R (reservoir) zones. The
resistivity profile is along an east-west line while the seismic is along a northwest-southeast
through the caldera as illustrated in (a).
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3.6 Conclusions
We have demonstrated that an integrated analysis of geophysical data, in this case gravity,
micro-seismicity, and MT, can give reliable subsurface information about faults and lithology,
as well as the distribution of various physical parameters such as porosity, density and
conductivity. Collectively the results indicate that an integrated analysis can improve the
characterization of the geothermal reservoir. In this study gravity data gave vital information
on the intensely fractured zones that could be a potential reservoir, while the MT data gave
better resolution of the depth to the heat source and the clay cap rock. Micro-seismicity
information further helped to constrain both data sets.
Our results indicate that the Menengai region is covered by volcanic rocks with high
resistivity and relatively low density overlying the crystalline mobile belt basement rock that
forms the rift floor. Tectonic processes and volcanism have caused fracturing that led to
increased porosity and permeability and favoured fluid flow in the subsurface. Our data show
that there is highly fractured zone within the caldera that is marked by low density and low
resistivity. This highly fractured zone is identified as the best target for drilling for
geothermal steam. The high gravity anomaly observed in this region is related to shallow,
high density material interpreted as dikes or the top of an intrusion (e.g. Omenda, 1998;
Simiyu, 2009) that is denser than the underlying molten material, with the change in density
appearing at about 7km depth. The deep, low density material correlates with a low resistivity
zone below the inferred hydrothermal reservoir. This zone appears to consist of hot, molten
material and provides the heat that drives the geothermal system in the Menengai volcano
region.
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